The Notch pathway is a highly conserved juxtacrine signaling mechanism that is important for many cellular processes during development, including differentiation and proliferation. Although Notch is important during ovarian follicle formation and early development, its functions during the gonadotropin-dependent stages of follicle development are largely unexplored. We observed positive regulation of Notch activity and expression of Notch ligands and receptors following activation of the luteinizing hormone-receptor in prepubertal mouse ovary. JAG1, the most abundantly expressed Notch ligand in mouse ovary, revealed a striking shift in localization from oocytes to somatic cells following hormone stimulation. Using primary cultures of granulosa cells, we investigated the functions of Jag1 using small interfering RNA knockdown. The loss of JAG1 led to suppression of granulosa cell differentiation as marked by reduced expression of enzymes and factors involved in steroid biosynthesis, and in steroid secretion. Jag1 knockdown also resulted in enhanced cell proliferation. These phenotypes were replicated, although less robustly, following knockdown of the obligate canonical Notch transcription factor RBPJ. Intracellular signaling analysis revealed increased activation of the mitogenic phosphatidylinositol 3-kinase/protein kinase B and mitogen-activated protein kinase/extracellular signal-regulated kinase pathways following Notch knockdown, with a mitogen-activated protein kinase kinase inhibitor blocking the enhanced proliferation observed in Jag1 knockdown granulosa cells. Activation of YB-1, a known regulator of granulosa cell differentiation genes, was suppressed by Jag1 knockdown. Overall, this study reveals a role of Notch signaling in promoting the differentiation of preovulatory granulosa cells, adding to the diverse functions of Notch in the mammalian ovary. (Endocrinology 159: 184-198, 2018) A s key structural and functional units of the female gonad, ovarian follicles are responsible for the growth and ovulation of high-quality oocytes that ensure fertility, as well as for the production of steroid and peptide hormones important for reproductive physiology. The formation, growth, and function of these follicles are controlled by networks of intraovarian and endocrine signals. Local factors, acting through paracrine and juxtacrine mechanisms, are important for follicle formation and early development to the secondary follicle stage. These include, but are not limited to, estrogen (1-3), progesterone (4),
Kit/Kit-ligand (5, 6) , the transforming growth factor b superfamily (7) (8) (9) , and the Notch signaling pathway (10) (11) (12) . Following puberty and activation of the hypothalamic-pituitary-gonadal axis, follicle-stimulating hormone (FSH) from the pituitary drives follicular maturation through regulation of granulosa cell proliferation and differentiation (13) . In response to FSH and activin signaling, rapid follicular growth is achieved through increased expression of cyclin D2 (Ccnd2) (14) . FSH also induces gene expression changes in granulosa cells to make them responsive to the midcycle ovulatory luteinizing hormone (LH) surge (13) . Hallmarks of these differentiating granulosa cells include increasing production of estrogen and progesterone through elevated expression of the rate-limiting enzymes in their biosynthesis Cyp19a1 and Cyp11a1, as well as expression of the membrane receptor for LH (Lhcgr) (13) .
The highly conserved Notch signaling pathway is emerging as an important means of intrafollicular communication. As a cell contact-dependent pathway, Notch signaling requires binding of membrane bound Notch receptors to membrane-bound Jagged or Delta-like ligands on adjacent cells (15) . This ligand-receptor interaction leads to a proteolytic cleavage cascade that ultimately liberates the Notch intracellular domain (NICD) of the receptor through action of the g-secretase complex (16) . NICD translocates to the nucleus and acts as a transcriptional activator following binding with the obligate cofactor RBPJk (17) . During development, activation of Notch signaling leads to pleiotropic effects, which include cell proliferation, specification, and differentiation, impacting organ formation and patterning (18) .
The involvement of Notch signaling in follicles and granulosa cells has been demonstrated through pharmacological and genetic means in various culture and mouse models. Initial interest in Notch signaling in the ovary came from efforts to understand the molecular mechanisms behind the formation of primordial follicles, where pregranulosa cells interact closely with clusters of cytoplasmically connected oocytes, termed germ cell nests or syncitia, and eventually encapsulate a single germ cell within each follicle (19) . Disruption of Notch signaling using the g-secretase inhibitor, N-(N-(3,5-difluorophenacetyl)-L-alanyl)-S-phenylglycine t-butyl ester (DAPT), in cultured neonatal ovaries results in retention of germ cells in nests and reduced numbers of primordial follicles (10) (11) (12) . Conditional knockout in mice of Notch2 in granulosa cells and Jag1 in oocytes results in formation of multioocytic follicles, which are postulated to be the result of incomplete germ cell nest breakdown, and these mice exhibit reduced fertility (11, 12) . Characterization of infertile mice with a null mutation in the Notch receptor modifier Lunatic fringe (lfng) also reveals defects in follicle development and meiotic maturation of the ovulated oocyte (20) , whereas an independently derived Lfng -/-mouse line is subfertile (21) . Disruption of Hes1, a Notch target/ effector gene (22) , was shown to result in a decreased proportion of oocytes progressing to meiosis I, reduced oocyte survival following germ cell nest breakdown, and subsequent impaired fertility (23) . Although various genetic models of ovarian Notch disruption present with reduced fertility or infertility, analysis of ovarian phenotypes has largely focused on follicle formation and early follicle growth and development (11, 20, 23) . Notch signaling molecules and effector genes have been shown to be expressed in gonadotropin-responsive follicles; however, their roles during later stages of follicle development are largely unexplored (24, 25) . Gonadotropin interactions with underlying local signals are critical for control of follicular functions, including growth and differentiation (26) . To better understand the dynamics of ovarian Notch signaling during the gonadotropin-dependent stages of follicle development, we used a Notch-responsive transgenic reporter mouse line to identify Notch activity in granulosa cells of all stages of follicular growth as well as in luteal cells. We found that Notch activity in the ovary is upregulated following activation of LHCGR by exogenous human chorionic gonadotropin (hCG). This netpositive regulation of Notch activity was accompanied by similarly increased expression of Notch2 and Jag1 following hCG stimulation. Although the ligand JAG1 was previously thought to be germ cell restricted, we found that JAG1 expression shifts to multiple types of steroidogenically active somatic cells following hormone stimulation. Using cultured primary granulosa cells, we identified a role for Jag1, through canonical Notch signaling, in regulating differentiation and proliferation of these cells. Together, these experiments demonstrate that, consistent with its known role in development, Notch signaling regulates the balance between differentiation and proliferation in ovarian granulosa cells.
Materials and Methods
Animal treatments and tissue collection CD1 mice (Charles River Laboratories, Wilmington, MA) were maintained on a 12-hour light/dark cycle in controlled environmental condition with access to water and food ad libitum. A diet free from alfalfa and soybean was used to minimize levels of naturally occurring phytoestrogens (2919 for breeding pairs, 2916 for maintenance; Teklad Diets, Harlan, Madison, WI). The transgenic Notch responsive (TNR) EGFP reporter mice (27) were a generous gift from Nicholas Gaiano (Johns Hopkins University, Baltimore, MD) and were maintained on a CD1 background.
For hormone treatment, prepubertal postnatal day (PND) 19 CD1 mice were given an intraperitoneal (IP) injection of 5 IU pregnant mare's serum gonadotropin (PMSG; Sigma Aldrich, St. Louis, MO) and, after 48 hours, were either euthanized or given an IP injection of 5 IU hCG (Sigma Aldrich, St. Louis, MO). Animals were euthanized at various time points following hCG as indicated in the "Results" section. All animal protocols were approved by the Institutional Animal Care and Use Committee of Northwestern University (Evanston, IL).
Immunologic detection on histological samples
Ovarian tissue samples were dissected in phosphate buffer saline and fixed overnight in 4% paraformaldehyde in phosphate buffer saline at 4°C. Samples were embedded in paraffin and sectioned at 5 mm for histological analysis. Immunohistochemistry (IHC), and immunofluorescence (IF), were performed as previously described (10) . Primary antibodies used include a goat polyclonal anti-JAG1 (SC-6011; Santa Cruz Biotechnology, Dallas, TX), a rabbit monoclonal anti-P450SCC (14217; Cell Signaling Technology, Danvers, MA), and a rabbit polyclonal anti-GFP (A11122; Life Technology, Eugene, OR). Biotinylated conjugated secondary antibodies against goat (BA-5000) or rabbit (BA-1000) were purchased from Vector Laboratories (Burlingame, CA) and used with a Colorimetric Tyramide Signal Amplification kit (for GFP IHC; PerkinElmer, Waltham, MA) or a VECTASTAIN Elite ABC Kit (Vector Laboratories). Methyl green or 4 0 ,6-diamidino-2-phenylindole were used as counterstains, as appropriate.
RNA isolation and quantitative real-time polymerase chain reaction
Ovaries were dissected, and the bursae were removed. Samples were immediately preserved in RNAlater reagent (Invitrogen, Carlsbad, CA) overnight at 4°C and then stored at -80°C prior to RNA extractions. Total RNA was extracted using RNeasy Plus Mini Kit (QIAGEN, Valencia, CA). For cultured granulosa cells, total RNA was extracted using Quick-RNA MicroPrep (Zymo Research, Irvine, CA). RNA was reverse transcribed to complementary DNA using SuperScript IV First-Strand Synthesis System (Invitrogen). Quantitative real-time polymerase chain reaction (qRT-PCR) assays were performed using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) using either an Applied Biosystems 7300 (Applied Biosystems) or BioRad CFX384 (Bio-Rad Laboratories, Hercules, CA) thermocycler. The comparative cycle threshold (28) method was used for relative quantification using Rpl19 (29) as an internal control. The sequences of primers used for qRT-PCR are provided in Supplemental Table 1 .
Primary granulosa cell culture and small interfering RNA knockdown PND21 mice were given IP injection of 5 IU PMSG for 48 hours. Granulosa cells were collected by follicle puncture and cultured as previously described (30) . Oocytes were removed with a 40-mm cell strainer (Fisher Scientific, Hampton, NH). Granulosa cells were cultured at 175,000 cells/well in 24-well plates in a humidified incubator at 37°C and 5% CO 2 using a 1:1 ratio of Dulbecco's modified Eagle medium:F-12 medium (Fisher Scientific) supplemented with 15 mM HEPES, pH 7.4, 5 mg/mL transferrin, 2 mg/mL insulin, 40 ng/mL hydrocortisone, 10% fetal bovine serum, and 100 U/mL penicillin/streptomycin (4F media). Cells were allowed to adhere and to reach 90% confluency for 96 hours prior to small interfering RNA (siRNA) transfection. siGENOME SMARTpool (GE Dharmacon, Lafayette, CO) was used at concentrations of 20 nM (siJag1, siScramble) or 40 nM (siRbpj, siScramble). siRNA transfection was done using DharmaFect I reagent (GE Dharmacon) in 4F media supplemented with 10% charcoal-stripped fetal bovine serum. RNA or protein was extracted 72 hours after transfection. The mitogen-activated protein kinase kinase (MEK) inhibitor PD98059 (513000; Calbiochem, San Diego, CA) was added at a concentration of 4 mM, 24 hours following siRNA transfection for a total incubation time of 48 hours. The protein kinase B (AKT) inhibitor MK2206 (S1078; Selleck Chemicals, Houston, TX) was added at a concentration of 10 nM, 24 hours following siRNA transfection for a total incubation time of 48 hours.
Protein extraction and western blotting
Cells were lysed with ice-cold radioimmunoprecipitation assay buffer supplemented with 10 mg/mL aprotinin, 10 mg/mL leupeptin, 1 mg/mL pepstatin, 1 mM phenylmethylsulfonyl fluoride, 1 mg/mL antipain, and 20 U/mL benzonase nuclease (Sigma Aldrich) with freshly added Phosphatase Inhibitor Cocktail 2 (1% volume-to-volume ratio, Sigma Aldrich) and Phosphatase Inhibitor Cocktail 3 (1% volume-to-volume ratio, Sigma Aldrich). Ten micromolar of forskolin was added 1 hour prior to lysate collection. Total protein was measured by bicinchoninic assay (Thermo Fisher Scientific, Waltham, MA). Equal amounts of protein were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and blotted onto nitrocellulose membranes. Membranes were incubated overnight at 4°C in primary antibody and for 1 hour at room temperature with infrared dye conjugated secondary antibody. In addition to the antibodies listed previously, primary antibodies used include a rabbit polyclonal anti-RBPJ (25949; Abcam, Cambridge, MA), a rat monoclonal anti-NOTCH2 (C651. 
Flow cytometry analysis for cell proliferation and apoptosis
Primary granulosa cells were cultured and transfected with siRNA as described previously. For proliferation and apoptosis analyses, cells were cultured at 875,000 cells/well in a six-well plate for 96 hours. Cells were then transfected with siRNA for 24 hours, after which they were trypsinized and replated in 24-well plates at subconfluent density of 175,000 cells/well. For apoptosis analysis, cells were harvested 48 hours after replating (72 hours post transfection) and processed for Annexin V and propidium iodide (PI) staining with a Dead Cell Apoptosis Kit with Annexin V Alexa Fluor 488 and PI (Invitrogen). For proliferation assays, 5-ethynyl-2 0 -deoxyuridine (EdU) was added to the culture media at a concentration of 10 mM 6 hours prior to cell harvest and at 42 hours following replating. A Click-iT EdU Alexa Fluor 647 Flow Cytometry kit was used for EdU detection (Invitrogen). Labeled cells were analyzed in a BD FACSAria II (BD Biosciences, San Jose, CA).
Estradiol-17b and progesterone enzyme-linked immunosorbent assay
Granulosa cells were cultured and transfected with siRNA as described previously in charcoal-stripped serum. At the end of culture, media was collected. Estradiol-17b (E 2 ) levels were measured in undiluted media using an estradiol human enzyme-linked immunosorbent assay (ELISA; ALPCO, Salem, NH) with a range of detection of 10 to 1000 pg/mL. The intra-assay coefficient of variation (CV%) was 6.3 and the interassay CV% was 8.1. Progesterone (P 4 ) levels were measured in 1:100 diluted media using P 4 mouse and rat ELISA with a range of detection of 0.15 to 40 ng/mL (IBL, Minneapolis, MN). The intraassay CV% was 3.9 and the interassay CV% was 9.0 for this assay. All hormone measurement was conducted at the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core.
Statistical analysis
Data are presented as means 6 standard error of the mean. Experiments were performed using a minimum of three biological replicates and control groups, as stated. Differences between groups were calculated with GraphPad Prism (GraphPad Software, Inc, La Jolla, CA) using a Student t test or analysis of variance with Tukey post hoc, as appropriate. Differences were considered to be significant at a 95% confidence interval (P , 0.05). 
Results

Identification of Notch active cells in unstimulated and gonadotropin-treated ovaries
To investigate the localization of Notch active cells in the prepubertal ovary (PND19), we used the TNR reporter line that we had used previously to identify Notch active cells during ovarian follicle formation (12) . Using IHC to detect the EGFP reporter, we observed that granulosa cells of growing follicles of various stages stained positively for EGFP, indicating that Notch signaling is active throughout follicular development (Fig. 1A and 1B) . Of note, Notch activity was detected in antral follicles, a population of follicles in which continued growth and development will depend on pituitary gonadotropins (31) . Because Notch signaling has been previously shown to regulate granulosa cells function (32) , and gonadotropins are known to exert their functions through interactions with local signals within the ovary, these observations led us to investigate potential gonadotropin regulation of ovarian Notch activity.
To determine whether Notch activity changes in the ovary following activation of follicle-stimulating hormone receptor (FSHR) and LHCGR, we quantified the Egfp reporter expression using qRT-PCR. Samples were collected at 48 hours post PMSG treatment and at various time points following hCG treatment. These time points were selected to capture the preovulatory state, the highly dynamic ovulatory cascade, and subsequent luteinization. Expression of the Egfp reporter was measured relative to that in PND19 unstimulated ovaries. As shown in Fig. 1C , Egfp expression was unchanged following PMSG stimulation, but was significantly upregulated by 24 hours post hCG.
We proceeded to identify the Notch active cells in luteinized ovaries by using IHC for the TNR EGFP reporter in sections from 24-hour and 3-day post-hCG ovaries (Fig. 1D-1G ). Corpora lutea (CL) in these sections stained positively for EGFP, indicating that Notch activity remains following ovulation of the follicle and the loss of the oocyte. Although there appears to be some EGFP staining in the stroma at 24 hours post hCG ( Fig. 1D and 1E ), EGFP staining in the 3-day post-hCG ovary was restricted to follicular and CL boundaries. (Fig. 1F and 1G ). These findings suggest that Notch signaling is dynamically regulated by hCG in the ovary during the periovulatory period.
Expression and localization of Notch signaling molecules in the ovary following hormone stimulation
Having observed regulation of the TNR reporter by hCG, we characterized gene expression of the four Notch receptors and five Jagged and Delta-like ligands in ovaries following exogenous gonadotropin stimulation ( Fig. 2;  Supplemental Fig. 1 ). We focused on the expression of the ligands Jag1 and Jag2, as well as the receptors Notch2 and Notch3, as we previously found these ligands and receptors to be the most abundantly expressed in neonatal ovaries (12) and they have also been previously reported to be expressed in adult cycling ovaries (24, 25) . Compared with unstimulated ovaries, expression of Notch signaling molecules did not change following PMSG treatment. By contrast, hCG exerts positive regulation on all Notch receptors and ligands, with the exception of Jag2, although the timing of the upregulation observed is transcript specific.
The regulation by hCG of Jag1 messenger RNA (mRNA) was surprising, given the previously reported localization of JAG1 protein expression to the oocyte (10, 12, 24) . This led us to further characterize ovarian JAG1 localization following gonadotropin stimulation of PND19 mice (Fig. 3) . Following PMSG stimulation, JAG1 was localized predominantly to oocytes of preovulatory follicles (Fig. 3A) . Limited expression was also detected in somatic cells (Fig. 3A) . However, within 12 hours post hCG treatment, JAG1 staining could be robustly detected within somatic cells of periovulatory follicles, the thecal layer, and a subset of interstitial cells (Fig. 3B) . By 24 hours and 3 days post hCG treatment, JAG1 staining was detected in CL ( Fig. 3C and 3D ).
To gain additional insights into the identity of the JAG1-expressing somatic cells following hormone stimulation, we probed consecutive ovarian sections from Figure 2 . Expression of Notch ligands and receptors is positively regulated by gonadotropins. Expression of Jag1, Jag2, Notch2, and Notch3 were quantified using qRT-PCR in samples collected after 48 hours of PMSG stimulation, followed by hCG stimulation for the times indicated. Data are presented as relative to Rpl19. Compared with unstimulated PND19 ovaries, Jag1 and Notch2 expression was transiently upregulated 4 to 12 hours post hCG stimulation. n = 10 for unstimulated samples, n = 5 for PMSG-and hCG-stimulated samples; *P , 0.05 compared with unstimulated. Modest upregulation of Notch3 was seen in luteinized ovaries (3 and 6 days post hCG), whereas Jag2 remained unchanged following exogenous gonadotropin stimulation.
PMSG-and hCG-stimulated mice for the P450 side-chain cleavage (P450SCC) enzyme to mark steroid-producing cells (Fig. 3E-3H ). Indeed, following hormone stimulation, JAG1 was localized to the same cell types that are marked by P450SCC staining. Most readily discernable in hCG 24-hour ( Fig. 3C and 3G ) and hCG 3-day ( Fig. 3D  and 3H ) ovarian sections, JAG1 became localized to steroidogenically active thecal and thecal-interstitial cells, as well as CLs, following hCG stimulation.
Steroid biosynthesis and proliferation in cultured primary granulosa cells
To better understand the potential functions for JAG1 in somatic cells during the gonadotropin-dependent stages of follicular development, we turned to primary cultures of mouse granulosa cells, a model extensively used to study gene function and gain mechanistic insights into the signaling pathways that regulate granulosa cell and follicular activities. Overtime, these cells are known to spontaneously differentiate under appropriate culture conditions (33) . Most importantly for this study, these primary granulosa cells continue to express Notch ligands and receptors as detected by mRNA (Fig. 4A) . The most abundantly expressed ligand and receptor, JAG1 and NOTCH2, are shown in western blot in Fig. 4B . JAG1 levels decrease beginning at day 5 of culture, whereas NOTCH2 levels show a modest transient upregulation at day 5 of culture ( Fig. 4C) . Figure 5A and 5B illustrates that primary granulosa cells cultured from PMSG-primed mouse ovaries exhibit characteristics of differentiating granulosa cells. These granulosa cells secrete E 2 and P 4 through increasing expression of the Star, Cyp19a1, and Cyp11a1 genes (34) . The level of steroidogenic activity was increased as the culture period progressed. At the initiation of culture, these cells were proliferative, but the rate of proliferation decreased with time in culture, as they both differentiate and eventually become contact inhibited (Fig. 5C ).
Characterization of steroidogenesis following Jag1 or Rbpj knockdown in cultured primary granulosa cells
To study the function of JAG1 in steroidogenically active granulosa cells, we used siRNA to knock down its expression. We also conducted a similar siRNA experiment targeting the obligatory transcriptional cofactor for canonical Notch signaling, Rbpj (15) . siJag1 and siRbpj efficiently and specifically reduced mRNA and protein levels of their respective targets ( Fig. 6A; Supplemental  Fig. 2 ). mRNA measurements revealed reduced expression of genes encoding several of the factors and enzymes involved in steroid biosynthesis following Jag1 and Rbpj knockdown (Fig. 6B) , including Star, Cyp19a1, and Cyp11a1. Confirming the gene expression findings, levels of E 2 were significantly reduced in the culture medium of both Jag1 and Rbpj knockdown cells (Fig. 6C and 6D ) 72 hours post transfection (a total of 7 days of culture). P 4 levels, however, were found to be significantly reduced only in the Jag1 knockdown cell cultures (Fig. 6D ).
Proliferation and apoptosis in cultured primary granulosa cells following Jag1 or Rbpj knockdown
To ensure that the reduced levels of E 2 and P 4 in granulosa cell culture media following disruption of Notch signaling are not a consequence of compromised cell survival, and thus reduced cell number, we characterized apoptosis and cell death. Annexin V was used to label early apoptotic cells, whereas PI exclusion was used to measure dead cells. Our results showed that the percentage of dead cells (Annexin+/PI+) in siJag1 and siRbpj samples was not changed compared with the nontargeting siScramble (Fig. 7A and 7B) . Surprisingly, knockdown of Jag1 or Rbpj resulted in fewer granulosa cells undergoing apoptosis ( Fig. 7A and 7B) .
As shown previously (Fig. 5) , PMSG-primed primary granulosa cells exhibited hallmarks of differentiation, as they became highly steroidogenic and exited the cell cycle as the culture progressed. Suppression of steroidogenesis following Notch pathway knockdown suggests an impact on this differentiation process. To test whether cell proliferation is likewise affected following Jag1 and Rbpj knockdown, we measured actively proliferating cells using a flow cytometric-based EdU incorporation assay. As shown in Fig. 7C and 7D , knockdown of either Jag1 or Rbpj resulted in an increased rate of granulosa cell proliferation compared with controls.
Assessment of intracellular signaling pathways following Jag1 or Rbpj knockdown
To begin uncovering mechanisms mediating the influence of Notch signaling on steroid biosynthesis and proliferation, we initially investigated expression of genes encoding transcription factors including Nr5a1 (Sf1), Nr5a2 (Lrh1), Gata4, and Creb, whose protein products positively regulate expression of Star, Cyp11a1, and Cyp19a1 (35) (36) (37) . At the transcriptional level, expression of these factors is not changed following Jag1 or Rbpj knockdown (data not shown). The mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) and phosphatidylinositol 3-kinase (PI3K)/ AKT pathways are understood to regulate differentiated The increase in hormone production is consistent with increasing expression of Star, Cyp19a1, and Cyp11a1. (C) Primary granulosa cells are proliferative in culture as identified using an EdU incorporation assay. This proliferative potential diminishes as the culture progresses, and cells eventually become contact inhibited (data not shown). n = 3; *P , 0.05 compared with 1-day culture unless otherwise indicated. Figure 4 . Notch ligands and receptors are expressed in cultured granulosa cells. Jag1 and Notch3 expression were found to be dynamically regulated throughout 7 days of granulosa cell culture. (A) Jag1 expression peaks at 3-day culture, whereas Notch3 expression continues to rise as the culture progresses. n = 3; *P # 0.05 compared with 1-day culture. (B) The presence of JAG1 and NOTCH2 were confirmed using western blot. (C) Quantification of the western blot shows JAG1 levels decrease throughout the culture period beginning at day 5, whereas NOTCH2 levels transiently peak at day 5 of culture. n = 3, *P , 0.05 compared with 1-day culture.
granulosa cell phenotypes in a cyclic adenosine monophosphate/protein kinase A (PKA)-dependent manner, including proliferation (14, 38, 39) and regulation of gene expression (40) (41) (42) (43) . In the granulosa cell culture system, MAPK/ERK and PI3K/AKT pathway activity decreases as the culture period progresses (Supplemental Fig. 3 ), correlating with the decreasing proliferation observed in these cells (Fig. 5) .
ERK1/2 and AKT phosphorylation levels are increased in Jag1 (Fig. 8A and 8C) or Rbpj (Fig. 8B and 8D ) siRNA transfected samples compared with siScramble controls. A closer analysis of the 3-day period of siRNA transfection (siJag1 and siScramble samples; Supplemental Fig. 4 ) reveals that the observed kinase pathway activity is the result of maintenance of phospho-ERK1/2 at levels comparable to early times of the culture, preventing the loss that occurs with normal differentiation. It has been reported that in granulosa cells, proliferation is achieved in part through transcription of the cell cycle gene Ccnd2 following inactivation of the transcriptional repressor FOXO1, downstream of the AKT pathway (14) . We observed enhanced phosphorylation at Ser 256 of FOXO1 following Jag1 or Rbpj knockdown, indicating its inactivation (Fig. 8C and   8D ). Consistent with this result, Ccnd2 expression was increased more than twofold following Jag1 knockdown (Fig. 9A) . Whereas Ccnd2 was not changed following Rbpj knockdown, another cell cycle regulator, cyclin-dependent kinase 1 (Cdk1), was found to be upregulated in these samples (as well as siJag1 samples; Fig. 9A and 9B) .
We proceeded to test the consequences of altered MAPK/ERK or PI3K/AKT activity following Notch disruption in granulosa cells. As MAPK/ERK pathway activity is more robustly retained following Jag1 knockdown, although the same is true for PI3K/AKT pathway activity following Rbpj knockdown (Fig. 8) , we used the MEK inhibitor PD98059 in Jag1 knockdown cells and the AKT inhibitor MK2206 in Rbpj knockdown cells. Inhibitors were used at doses that normalized ERK phosphorylation or AKT phosphorylation to levels comparable to those observed siScramble samples (data not shown). The enhanced observed proliferation following Jag1 knockdown was returned to that of siScramble samples following addition of PD98059 (Fig. 10A) . In contrast, AKT inhibition using MK2206 had no effect on siRbpj or siScramble granulosa cells (Fig. 10B) . Neither inhibitor affected the reduced expression of steroid biosynthetic genes seen following Jag1 nor Rbpj knockdown.
We next sought to understand the observed suppression in steroid biosynthetic enzyme gene expression following Jag1 or Rbpj knockdown. Previous studies have shown that the MAPK pathway stimulates expression of granulosa cell genes involved in steroid biosynthesis through activation of the nucleic acid binding protein Y-Box-binding protein-1 (YB-1) (40) . Indeed, following Jag1 knockdown, phosphorylation of YB-1 was decreased by 27% despite the observed activation of ERK1/2 (Fig. 8C) . Downregulation of YB-1 phosphorylation was not observed following Rbpj knockdown (Fig. 8D) , which may contribute to the less robust suppression in gene expression and steroidogenesis observed in the Rbpj-depleted granulosa cells.
Discussion
Progression through ovarian follicular development requires coordinated cell signaling and activation or repression of gene expression in a spatially and temporally restricted fashion. Although FSH and LH are indispensable for follicle growth, maturation, and eventual ovulation, their actions are achieved through interactions with local intraovarian signals. Stimulation of granulosa cell proliferation following FSHR activation requires coactivation by Smad2 and Smad3, which function redundantly in granulosa cells, by activin (14, 44) , whereas FSH induction of preovulatory phenotypes in granulosa cells requires several concurrent paracrine cues, including, but not limited to, IGF1R, canonical Wnt, and ERb signaling (45) (46) (47) . Later during ovulation, EGF ligands and EGFR signaling are required to transduce LH actions to the oocyte (48) . In this study, using the transgenic Notch reporter line, we showed that the Notch signaling pathway in the mouse ovary is active in gonadotropin-responsive follicles of all stages as well as in CL. Our data support previous reports that Notch signaling components are expressed in adult cycling ovaries (24, 25) . The current study adds to that knowledge by providing evidence that ovarian Notch signaling is regulated by gonadotropins and is important for granulosa cell differentiation toward a steroidogenic phenotype.
We find the mRNA expression of several Notch receptors and ligands to be upregulated in response to hCG in vivo. Among these is the gene encoding the ligand Jag1, which was previously postulated to be a germ cellspecific Notch ligand (10, 12) , with limited expression in the corpus luteum in adult cycling mice (24, 25) . Although the periovulatory upregulation of Jag1 expression may signify its potential role during the ovulatory cascade, findings on the localization and identity of JAG1-expressing cells suggest an additional or alternative role. We found that following hormone stimulation, JAG1 becomes localized to both follicular, luteal, and interstitial somatic cells, structures that are identified to be steroidogenic through P450SCC staining. The transient upregulation of Jag1 mRNA likely signifies the initiation of Jag1 expression in somatic cells, as while mRNA levels return to baseline, protein IF indicates a substantial shift away from oocyte-restricted expression toward that in steroidogenic somatic cells.
To further investigate the role of somatic cellexpressed JAG1, we elected to use primary granulosa cells grown under conditions where the cells spontaneously differentiate toward a steroidogenic phenotype (33) . We recognize that the cues promoting differentiation in this cell culture model are distinct from those operative in vivo during the periovulatory period. Nonetheless, there are clear phenotypic similarities in granulosa cells from these two models, and cell culture allows direct and transient approaches to manipulating the Notch signaling pathway. One unexpected observation in the cell culture model was the gradual decline in JAG1 levels with time. This may represent transendocytosis of the ligand with active Notch signaling (49, 50), compensation for enhanced Notch2 expression, or an increasing functional role for JAG2, which is reported to be expressed in granulosa cells of growing follicles (25, 32) .
A role for Jag1 in promoting granulosa cell differentiation is supported by the observation that following depletion of Jag1, both E 2 and P 4 production are suppressed through reduced expression of factors and enzymes in the steroid biosynthetic cascade. Concurrent suppression of E 2 and P 4 following Jag1 or Rbpj knockdown can be explained in part by downregulation of Star, the cofactor responsible for initiating the steroid biosynthetic cascade by transporting cholesterol substrate to the inner mitochondria membrane. This, along with the in vivo findings regarding gonadotropinregulated Notch activity, suggests that in the cycling ovary, Notch signaling promotes the differentiated granulosa cell phenotype to ensure an optimal response to the ovulatory cue. Additionally, because JAG1 continues to be detected and the Notch reporter is active in the CL, it is likely that Notch signaling also functions to promote and maintain the terminally differentiated luteal phenotype.
JAG1 localizes to somatic cells that are Notch active based on observations made in the transgenic Notch reporter mouse, which suggests that the action of JAG1 in these cells is achieved through canonical Notch signaling.
Knockdown of the Notch obligate cofactor Rbpj in cultured granulosa cells results in similar steroidogenic suppression, albeit slightly less robust compared with that observed in the Jag1 knockdown. Although differences in the efficiency of Jag1 and Rbpj knockdown most likely explain the variance in the degree of suppression of steroid biosynthesis, it is important to note the role of Rbpj in transcriptional repression of Notch target genes. Prior to Notch activation and subsequent NICD binding to promoters and recruitment of transcriptional coactivators such as Maml, Rbpj suppresses gene expression through interactions with transcriptional corepressors and/or histone deacetylases (15, 17, 51) . The compensatory effects due to the loss of target gene repression by Rbpj in the basal state has been demonstrated in Drosophila melanogaster in which the loss of Su(H), the homolog to mammalian Rbpj, leads to weaker phenotypes than the loss of Notch in several developmental processes, including bristle formation, wing development, and dorsal-ventral boundary formation (52) (53) (54) . In murine fibroblast cells, p53 expression was found to be suppressed by the binding of Rbpj to its promoter in a cell cycle-dependent manner (51) . Thus, depletion of Rbpj may lead to broader changes that result in a blunted phenotype compared with the depletion of Jag1, the specific ligand that appears to initiate the Notch signal in these differentiating granulosa cells.
The in vivo findings of robust Notch activity in growing follicles and CL, as well as results from the in vitro functional studies, raise questions regarding the identities of the sending and receiving cells engaged in this contact-dependent signaling. Our previous work (12) concerning the role of Notch signaling during germ cell nest breakdown posits a model in which the ligand JAG1 from the oocytes interacts with the NOTCH2 receptor on intimately associated granulosa cells. Once follicles are recruited to the growing pool, however, deposition of the zona pellucida matrix is likely to create a partial physical barrier to contact-dependent signaling. Also, as the follicle expands, the most distal mural granulosa cells are far removed from contact with the oocyte. Thus, the most parsimonious explanation for the observation of continued Notch activity in growing follicles, CL, and cultured granulosa cells is the expression of both Notch ligand(s) and receptor(s) by granulosa cells (and later luteal cells), allowing for ligand-receptor interaction in a trans-manner between neighboring cells. This is consistent with the somatic cell localization of JAG1 following hormone stimulation, additional reports of ligand and receptor expression in granulosa cells throughout the entirety of follicular development (32) , and the observation that the Notch reporter remains active in granulosa cells cultured from TNR ovaries (our unpublished observations).
Notch activity in multilayer follicles (and later CL) likely is maintained through lateral induction, where the Notch signal is propagated among adjacent cells through positive feedback regulation of Notch ligand expression following Notch receptor transactivation (55) . It is reasonable to speculate that Notch ligands in the oocyte act to initiate signaling within the first layers of granulosa cells, which in turn relay Notch signals to more distal granulosa cells by way of lateral induction. Physiologically, the importance of such lateral induction mechanisms in Notch signaling can be seen in the developing inner ear where Jag1 maintains a patch of sensory progenitor cells (56) . Ectopic expression of NICD in the nonsensory epithelium was shown to cause increased Jag1 expression, which was in turn sufficient to induce expression of sensory progenitor markers (57) . Jag1 and Notch2 are also coexpressed in cells of the peripheral lens epithelium where they function to promote fibroblast growth factor-dependent lens fiber differentiation (58) . Finally, Jag1 has been identified as a direct canonical Notch target gene in cardiac neural crest, where Notch signaling is responsible for the differentiation of smooth muscle cells required for the assembly of the multilayered arterial wall (59) . These examples demonstrate the importance of lateral induction of Notch signaling in regulating differentiation events in diverse systems.
The suppressed steroid biosynthesis observed following Jag1 or Rbpj knockdown is similar to that reported in DAPT-treated luteal cells (60) (61) (62) and in response to Mamld1 knockdown in mouse Leydig tumor cells (63) . In terminally differentiated luteal cells, reduced P 4 secretion due to Notch inhibition resulted in cellular apoptosis (60, 61) . In contrast to these studies, Jag1 or Rbpj knockdown in differentiating granulosa cells not only caused a reduction in the fraction of apoptosing cells, but also led to an increase in the percentage of cells in the S-phase of the cell cycle, indicating a retention of proliferative potential. These differences are not entirely surprising because, in contrast to differentiating granulosa cells, luteal cells lack the capacity to proliferate and require P 4 for survival (64) . Although proliferation and differentiation can happen concurrently, and both are hormonally driven by FSH in granulosa cells, these events are also well known to occur in an autonomous manner. An example is the Cyclind2 null mouse, in which follicles with severely impaired granulosa cell proliferation remain steroidogenically active and are able to mature and eventually terminally differentiate into a luteal state (although they lack the ability to be ovulated) (31) .
It is likely that the diverse functions of Notch within the follicle are achieved through interactions with underlying intracellular signaling landscapes that are distinct at different developmental stages. Numerous studies have shown the importance of PI3K/AKT and MAPK/ ERK signaling in promoting proliferation and gene expression in granulosa cells (14, (38) (39) (40) (41) (42) (43) . Activation of the PI3K/AKT and MAPK/ERK pathways resulting in increased expression of the cell cycle genes Ccnd2 and Cdk1 provides a molecular mechanism for the observed retention of proliferative potential in cultured granulosa cells following Jag1 or Rbpj knockdown. The MAPK/ ERK pathway, however, can also promote expression of differentiation-associated genes, including Cyp19a1 and Cyp11a1 (40, 41, 43) . Our results reveal that the enhanced activation of the MAPK/ERK pathway that is observed following Jag1 or Rbpj knockdown represents retention of a less differentiated phenotype, consistent with the cells being less steroidogenic and more proliferative. Indeed, inhibition of the MAPK/ERK pathway using the MEK inhibitor PD98059 following Jag1 knockdown normalized the proliferation rate to that observed in the siScramble control, which suggests that in cultured primary granulosa cells, the MAPK/ERK pathway is strongly associated with proliferation. More recently, it has been shown that expression of granulosa cell differentiation-associated genes through the MAPK/ERK pathway requires activation of the DNA-and RNA-binding protein YB-1 (40) . We found that despite enhanced MAPK/ERK pathway activity, YB-1 phosphorylation is downregulated following Jag1 knockdown, which may begin to explain the observed suppression of steroidogenic gene expression, despite the increased activation of prodifferentiation intercellular signals.
It remains to be explored how disruption of canonical Notch signaling leads to alterations in signal transducers such as PI3K/AKT, MAPK/ERK, and YB-1 in granulosa cells. In this regard, there are examples of Notch signaling modulating differentiation and proliferation through interactions with intracellular kinase cascades. Interplay between Notch and receptor tyrosine kinase signaling has been found to be important in the decision-making process between self-renewal and differentiation in the various follicle somatic cell types of the Drosophila ovariole (65) . A balance between Notch signaling and the MAPK/ERK pathway, downstream of the fibroblast growth factor receptor, in Sertoli cells is thought to be important in maintaining cyclical recruitment of quiescent prospermatogonia into spermatogenesis (66) . Another example of cross-talk between Notch signaling and the MAPK pathway was observed in myotube differentiation from muscle precursors, where MKP-1, a MAPK phosphatase, is regulated in an Rbpj-dependent manner (67) . Together, these examples and our data demonstrate that the Notch pathway has the potential to interact with diverse types of intracellular signals to regulate cellular activity.
In summary, we have described a key role for Notch signaling in promoting differentiation and in negatively regulating proliferation in mouse granulosa cells. Our findings suggest that activation of Notch signaling by the ligand Jag1 impacts multiple kinase cascades that are important in control of proliferation and promotion of gene expression leading to granulosa cell differentiation. Considering both our in vivo and in vitro data, we demonstrate that, like many other local factors important during the periovulatory period (45) (46) (47) , Notch signaling promotes a differentiated phenotype that is initiated by gonadotropin signaling. Understanding how Notch signaling regulates the balance between differentiation and proliferation in granulosa cells promises further insights into the periovulatory period, where the maturing follicle needs to sustain an FSH-dependent differentiated state so as to optimally respond to LH and successfully ovulate a healthy fertilizable egg. Our finding that Notch signaling has a role in promoting the differentiation of granulosa cells adds to the growing and diverse functions for Notch in the mammalian ovary and in reproduction.
